(3D) visualization of cellular structures and various tissue materials, have been developed, primarily in the field of mammalian brain and neuroscience (Kim et al., 2013; Lee et al., 2016; Seo et al., 2016) . Furthermore, Tainaka et al. (2014) note that these techniques are applicable to 3D studies of pathology and anatomy in adult mice. Most recently, BABB (benzyl-alcohol and benzyl-benzoate), combined with optical projection tomography (OPT), has been used to reveal the initial route of infection and one immune acquisition track in rainbow trout Oncorhynchus mykiss (Ohtani et al., 2014; Ohtani et al., 2015) . However, the use of organic chemicals has raised concerns about reduction of the fluorescent signal of immunohistochemistry and of some fluorescent tracers. Therefore, alternative tissue clearing techniques are required for the further development of 3D pathological analysis of fish infections.
Here, we investigated whether the three tissue clearing techniques, Clear T , SeeDB and CUBIC (Kuwajima et al., 2013; Ke et al., 2013; Susaki et al., 2014) , all simple and inexpensive techniques, were applicable to 3D pathological analysis in fish. Our goal in this study was to determine an optimal clearing method, resulting in a transparent fish body, and to demonstrate whether this method can be applied to three-dimensionally visualize the in vivo dynamics of a bacterial pathogen.
Materials and Methods

Fish
Goldfish Carassius auratus were reared in the Field Science Center, Yoshida Station, Tokyo University of Marine Science and Technology, Shizuoka, Japan. Zebrafish Danio rerio were purchased from Kyorin Co., Ltd.
Clearing the fish body
Goldfish around 5 cm in length were fixed in 10% formalin/PBS at 4°C overnight. The abdomen was incised to promote fixation. Clear T reagent was prepared as described by Kuwajima et al. (2013) . Fish were immersed in 20% and 40% formamide for 1 h each, in 80% formamide for 4 h, and finally in 95% formamide for 2 days or more at room temperature. SeeDB reagent was prepared as described by Ke et al. (2013) . Fish were immersed in the series of fructose solutions (20%, 40%, 60%, 80%, 100% (wt/vol) and SeeDB) for 1 day each. CUBIC reagent was prepared as described by Susaki et al. (2014) . Fish were immersed in the reagent 1 (25 wt% urea, 25 wt% N,N,N′,N′-tetrakis(2-hydroxypropyl)ethylenediamine, and 15 wt% Triton X-100 in H 2 O) for a day at 37°C, after which the reagent was exchanged and the sample immersed in fresh reagent 1 for a day. The treated fish were washed several times with PBS at room temperature. The fish were immersed in 20% sucrose/PBS for 6 h followed by incubation in the reagent 2 (25 wt% urea, 10 wt% 2,2′,2″-nitrilotriethanol, 0.1% (v/v) Triton X-100, and 50 wt% sucrose in H 2 O) for a day at 37°C. The digital images of transparent specimens were taken by EOS KISS X6i (Canon).
Histology
The goldfish tissues treated with CUBIC were washed several times with PBS at room temperature, embedded in paraffin, and sectioned at 5 μm thickness. The tissue sections were stained with Mayer's hematoxylin and eosin. The gill, intestine and kidney were observed under a microscope.
Immunostaining and imaging of fluorescent proteins
To examine whether CUBIC would affect the antigenicity of protein, we immunostained the head tissue sections including the gill, of zebrafish treated with CUBIC. The zebrafish cleared with CUBIC were sectioned as above. The tissue sections were de-paraffinized by immersing in xylene, and blocked by 2% skim milk/PBT (PBS with 0.1% Tween 20) for 30 min at room temperature. The samples were incubated with rabbit polyclonal anti-Actin H-300 (Santa Cruz Biotechnology) diluted to 1:500 by 2% skim milk/PBT overnight at 4°C. This antibody shows cross-reactivity to Actin isoform of zebrafish (manufacturer's datasheet). Subsequently, the samples were incubated with secondary antibody, Alexa Flour 488 conjugate (Cell Signal Technology), diluted to 1:1,000 by 2% skim milk/PBT for 1 h at room temperature. The samples were observed under a fluorescence microscope, PALM MicroBeam IV (Zeiss).
To test whether CUBIC is applicable to imaging of green fluorescent protein (GFP), EPC (Epithelioma papulosum cyprini) cells were transfected with pEGFP vector (Clontech) using TransIT-LT1 (Takara Bio Inc.). Cells were cultured in a minimum essential medium containing 5% fetal bovine serum and 14 mM HEPES at 25°C for 24 h, and then fixed with 10% formalin/PBS overnight at room temperature followed by CUBIC treatment as described above. The green fluorescent signals of GFP were observed under a fluorescence microscope.
Visualization of the pathogen in fish body cleared by CUBIC
Six goldfish around 5-7 cm in length were maintained in a 60-L tank. The goldfish were intraperitoneally challenged with DAPI-labeled Aeromonas hydrophila suspended in PBS at 100 μL of 1.0 × 10 8 CFU/mL. We also prepared 6 goldfish as control groups, injected with 100 μL of DAPI dissolved in PBS or DAPI-labeled Escherichia coli at a concentration of 1.0 × 10 8 CFU/mL.
The fish were sampled at 3, 6, 9 and 12 h post infection (hpi), and fixed with 10% formalin/PBS. The experiment was performed in duplicate at different times. The fish were cleared with CUBIC in a shaded environment. The abdominal muscle was surgically excised, and the internal organs were observed under a fluorescence microscope.
To verify the existence of A. hydrophila in the tissue where the fluorescent signals were detected, we subsequently conducted PCR analysis. The tissues indicating fluorescent signals were washed several times with PBS with gentle shaking at room temperature. The genomic DNA was extracted by a phenol/chloroform/ isoamyl alcohol method. The integrity of DNA was assessed by 0.8% agarose gel electrophoresis. The PCR using the two pairs of primers targeting the A. hydrophila 16S rDNA (5′-GAA AGG TTG ATG CCT AAT ACG TA-3′ and 5′-CGT GCT GGC AAC AAA GGA CAG-3′), and a virulence-associated Aeromonas cytolytic aerolysin (Aero) gene (5′-CTC AGT CCG TGC GAC CGA CT-3′ and 5′-GAT CTC CAG CCT CAG GCC TT-3′) was carried out as Chu and Lu (2005) reported. The PCR products were detected by 1.5% agarose gel electrophoresis.
Results and Discussion
To determine an optimal method for 3D imaging of whole fish body, we first compared the transparency among three kinds of tissue clearing techniques (Clear T , SeeDB and CUBIC). Among these tissue clearing techniques, CUBIC resulted in the greatest clearing of the whole fish body, and removed almost all pigments (Fig. 1A) . At least 10 cm of goldfish could be cleared by CUBIC (data not shown). However, the fish treated with SeeDB and Clear T remained opaque. Notably, the melanin around the eyeballs is not completely removed by any of these tissue clearing techniques. It is reported that melanin is conjugated to a protein globulin (Soler-Rivas et al., 1997; Heck et al., 2013; Lee et al. 2016) , and possibly cannot be removed by these methods. In our preliminary experiment, hydrogen peroxide could bleach melanin pigments observed in zebrafish stripe without causing severe histological damage (data not shown).
To examine whether the histological analysis was compatible with CUBIC, the tissue sections of the gill, kidney and intestine were stained with Mayer's hematoxylin and eosin. No significant tissue damage by CUBIC was observed in any tissue, and the tissue structure and cell constitution were preserved for 3 wk (Fig.  1B) . These results indicate that CUBIC is the most effective technique to clear the whole fish body, and we accordingly decided to use CUBIC for the following experiments.
In diagnosis and immunological study of fish infectious diseases, immunohistochemistry is frequently used to visualize the expression of endogenous proteins as well as pathogens. CUBIC treatment enabled preservation of the fluorescent signal without affecting the antigenicity of Actin protein and was also compatible with nuclear counterstaining by DAPI (Fig. 2A) . Further studies are needed to evaluate using multiple antibodies for different types of antigens such as amino acid sequences, conformations or non-protein components. Notably, small amounts of melanin pigments were remained in zebrafish stripe after CUBIC treatment. To verify whether the fluorescent protein is resistant to CUBIC, we transfected pEGFP vector into EPC cells. After treatment with CUBIC, no significant differences in the fluorescent intensity of GFP were observed between CUBIC and PBS (Fig. 2B) . These results suggest that CUBIC is applicable to whole-mount fluorescence imaging.
To demonstrate the usefulness of 3D pathological analysis using CUBIC, we examined the in vivo dynamics of a bacterial pathogen labeled with a fluorescent tracer, DAPI. All fish infected with A. hydrophila died within 12 h. After treatment with CUBIC, the blue fluorescent signals of DAPI were detected in the intestine and liver, and then spread to other tissues (Fig. 3A) . In the PBS or E. coli injected groups, all fish survived for at least 12 h, and no fluorescent signals, except for some autofluorescence, were observed (Fig. 3B) . In this study, it was difficult to maintain the fluorescent signals in tissue sections for histological analysis. To verify the existence of A. hydrophila in the intestine where the fluorescent signals were detected, we subsequently detected A. hydrophila DNA by PCR analysis. Both PCR products, 16S rDNA and Aero, were detected in fish infected with A. hydrophila, while no products were detected in the PBS injected group (Fig. 3C) . CUBIC, therefore, enabled determination of the initial route of infection and also three-dimensionally monitored the dynamics of the bacterial pathogen. Notably, RNA was significantly degraded by CUBIC treatment, probably due to the high pH of amino alcohol, which is a component of CUBIC (data not shown). On the other hand, RNA was preserved in tissues treated with Clear T or SeeDB at low temperature, probably at a level applicable for RT-PCR (data not shown). Proper use of tissue clearing techniques might clearly be necessary for molecular biological diagnosis of fish infectious diseases. We conclude that of the three techniques examined, CUBIC is the most suitable tissue clearing technique to three-dimensionally visualize the dynamics of a bacterial pathogen in infected fish. Our results also show that 3D fluorescence imaging using CUBIC could possibly be expanded to allow better understanding of the pathophysiological states and immunology of fish infectious diseases.
